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Disclaimer
The contents of this document are the copyright of the FRAME consortium and shall not
be copied in whole, in part, or otherwise reproduced (whether by photographic,
reprographic or any other method), and the contents thereof shall not be divulged to
any other person or organization without prior written permission. Such consent is
hereby automatically given to all members who have entered into the FRAME
Consortium Agreement, dated 01.07.2018, and to the European Commission to use and
disseminate this information.
This information and content of this report is the sole responsibility of the FRAME
consortium members and does not necessarily represent the views expressed by the
European Commission or its services. Whilst the information contained in the
documents and webpages of the project is believed to be accurate, the author(s) or any
other participant in the FRAME consortium makes no warranty of any kind with regard
to this material.
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1. Introduction
This deliverable is devoted to geochemistry. It deals with how to provide internally consistent
geochemical data at a European level for phosphate mineralization. It aims at establishing a
procedure to prepare and analyse phosphate samples.
The first section describes the methodology applied for this deliverable and provides a list of
elements that should be analyzed in apatite and/or phosphate rocks according to a selection of
methods. It describes the way the laboratories were chosen to do the bulk rock and in-situ
analyses and presents the issue regarding standards for bulk rock analyses and in-situ analyses.
The second section details the outcome of this work in terms of quantity and homogeneity of
bulk rock and in-situ analyses. It also describes the investigations lead regarding standards
before a final section including the conclusions and prospects.

2. Methodology
2.1. List of elements to analyse
The selection of elements to analyse in apatite and phosphate rocks was approved by the
partners. This was an achievement of the milestone M4.2.
The elements were selected according to the method/analyse type. The details are given here
after:
-

-

Bulk rock analyses on phosphate mineralization/rocks: major elements (Si, Al, Fe, Mn,
Mg, Ca, Na, K, Ti, P), trace elements (REE, V) (Co, Sc, Ni, LILE-Ba, Sr, Rb, HFSE-Nb, Ta,
Hf, Zr)
Bulk rock analyses on black shales hosting phosphorites: major elements (Si, Al, Fe,
Mn, Mg, Ca, Na, K, Ti, P, C total, S total), trace elements (REE, Co, Sb, Be, V, PGE)
Electron microprobe analyses on apatite: P, Ca, F, Fe, Si, Cl
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) on apatite:
REE, V, U, Th, Si, P, Ca, Ti, Rb, Sr, Y, Zr, Nb, Ba, Hf, Ta, W, Pb

For FRAME-WP4, mostly bulk rock analyses on phosphate rocks and LA-ICPMS analyses on
apatite were performed. Electron microprobe analyses were essentially done to determine the
type of apatite (based on the Cl-, F- contents) and the Ca concentrations, which is used as
internal standard for LA-ICPMS analyses.

2.2. Selection of laboratories
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As for the list of elements to analyse, the selection of laboratories where to perform analyses
was an achievement of the milestone M4.2.
Though it was initially planned to let every partner of the project analyse the samples from its
own country, it was finally decided to divide the samples into only two separate batches to
produce larger homogenized datasets. As such, analyses of apatite and phosphate rocks from
Norway were performed at the NGU, and all the other analyses were handled by the GSB,
coordinator of the WP.
Since the facilities were not available in-house at the GSB, bulk rock analyses were performed
on Inductively Coupled Plasma optical emission spectrometry (ICP-OES) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) at the ULB (University of Brussels), electron
microprobe analyses – though less crucial for homogenization – at the University of Würzburg
(Germany) and the LA-ICPMS analyses at the University of Lorraine (France). The equipment
and the methodology related are presented in the Annex 1.
For what concerns the NGU, all the analyses were performed in-house apart from the electron
microprobe analyses, which were carried out at the NTNU (Norwegian University of Science
and Technology, Trondheim, Norway).

2.3. Use of standards
It quickly appeared that the only way to deliver homogenized data from several laboratories
was to prepare a standard sample that can be distributed among the institutes and surveys
interested in providing geochemical data on phosphate mineralization. First, time was
dedicated to find existing standards on the market suitable for bulk analyses of phosphate
rocks and in-situ analyses of apatite. One standard was found for whole rock analyses (see
below, section 3.1), but no standard large and cheap enough (to be shared between the
partners of the project) was available. Hence, partners prepared an “internal” standard for the
project.

3. Outcome
3.1. Bulk rock analyses
3.1.1. Standard for bulk rocks analyses
The Institute for Reference Materials and Measurements of the Joint Research Centre has a list
of certified materials that can be used as standards. Among these, a natural Moroccan
phosphate rock (Certified Reference Material BCR-032; the fiche about this material is
provided as Annex) is available and has been tested for the following major elements: Ca, P, C,
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F, Si, S, Al, Mg and Fe (Figure 1). Such material is convenient to precisely analyze major
elements in European phosphate rocks, which contain two of the elements present in the
critical raw materials (CRM) list, namely P (P2O5 content of 32.98 % in the BCR-032) and F
(certified value of 40.4 g/kg F in the BCR-032). Aliquots of this standard were distributed
among the partners of the WP for further analyses and studies about apatite and phosphate
deposits in their respective countries.
Only indicative values are given for the following minor and trace elements: As, B, Cd, Cr, Co,
Cu, Hg, Mn, Ni, Ti, V, Zn. Consequently, a standard for bulk rock analyses could be developed in
the future for trace elements and more precisely for the CRM (REE at first instance, and
potentially V). Alternatively, one can consider that the use of the BCR-032 for major elements
(and more particularly P and F), combined with other standards that typically serve for highprecision measurements of trace elements in a wide variety of rock types (e.g. USGS standards
BHVO-2 and AGV-2), is sufficient to obtain reproductible and homogenized analyses on
phosphate-rich rocks.

Figure 1. Major element content of the standard BRC-032 (JRC 2011)

3.1.2. Data obtained on phosphate rocks from European deposits
As mentioned previously, the bulk rock analyses were obtained in two laboratories, at the ULB
and at the NGU.
Most of the analyses were performed at the ULB (University of Brussels), collaborator of the
GSB for this task, using ICP-OES and ICP-MS. The standard BCR-032 was introduced in the
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analytical procedure for all the samples analysed. About 90 samples representative of ~75
phosphate occurrences and deposits (sedimentary or igneous in origin) were analyzed for the
deliverable D4.2 ‘New mineralogical and geochemical data on samples from phosphate
deposits/occurrences’ (Table 1). In addition, 43 samples were analyzed to further study 4
deposits in the frame of deliverable D4.3 ‘Detailed metallogenic studies of key phosphate
deposits in Europe’ (Table 2).
At the NGU, 59 samples from four Norwegian deposits/occurrences were all analyzed using
XRF on glass disks for major elements and pressed pellets for trace elements. Additional data
for REE and HFSE were obtained on glass disks using LA ICP-MS for the deliverable D4.3 (Table
3). Since these data were performed at the very beginning of the project, the standard BCR032 was not included in the analytical routine.
Consequently, more than 130 harmonized bulk rock analyses were performed with the use of a
standard for high P and F concentrations. Additional 59 analyses are considered as internally
consistent regarding the analytical procedure applied.

3.2. In-situ (LA-ICPMS) analyses
3.2.1. Data obtained on apatite from European deposits
The LA-ICPMS analyses were obtained at the NGU and at the University of Lorraine (France),
which is collaborator of the GSB for this task. The analyses were performed for the
metallogenic studies that are part of the deliverable D4.3 ‘Detailed metallogenic studies of key
phosphate deposits in Europe’, which includes the publications of Coint et al. (2020) and
Decrée et al. (2020).
In that way, 43 analyses were performed by the GSB at the University of Lorraine to investigate
the potential of the apatite deposit at Siilinjarvi and 175 analyses were obtained at the NGU on
apatite from the Norwegian deposits/occurrences of Fen, Kodal/Larvik and Raftsund (Table 3).
Initial plans to analyse apatite in all the samples were altered due to limitations imposed by
the pandemic situation and the subsequent closure of the labs.
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Table 1. Samples processed to obtain bulk rock analyses in the frame of the deliverable D4.2 ‘New mineralogical and
geochemical data on samples from phosphate deposits/occurrences’
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Table 2. Bulk rock analyses obtained in the frame of the deliverable D4.3 ‘Detailed metallogenic studies of key
phosphate deposits in Europe’. Analyses from Norwegian rocks are performed at the NGU, the others at the ULB (for
the GSB). Note that the data published by Coint et al. (2020) and Decrée et al. (2020) were obtained for the FRAME
project

Table 3. Summary of the LA-ICPMS analyses performed for the deliverable D4.3 ‘Detailed metallogenic studies of key
phosphate deposits in Europe’. Analyses from Norwegian rocks were performed at the NGU, analyses from Finnish
rocks were obtained at the ULB (for the GSB). Note that the data published by Coint et al. (2020) and Decrée et al.
(2020) were obtained for the FRAME project
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3.2.2. Test on a potential standard: apatite from Phalaborwa (South Africa)
The Phalaborwa world-class phosphate deposit (Kaapval Craton, South Africa, Figure 2a) is
hosted by a Paleoproterozoic alkaline complex. It contains, among others, apatite-rich
pegmatoid dikes and veins (Figure 2b). A study achieved out of the frame of this project
showed that apatite forming these veins is exceptionnaly homogeneous regarding its O and Sr
isotope compositions (Decrée et al. 2020b). Moreover, these samples are available in large
quantity, an important criterium for a standard.

Figure 2. a) Location of the Phalaborwa deposit in the Kaapval Craton (from Decrée et al. 2020b)
macrophotograph of the apatite vein from Phalaborwa (sample GC 2701)

and b)

It was therefore decided to test one of these apatite veins (the sample GC 2701, provided by
Grant Cawthorn, retired professor of the Wits University) to check whether the in-situ
signature of apatite regarding the REE and a few other trace elements is reproductible and
similar from one laboratory to the other.
Twenty-two analyses were performed at the University of Lorraine (France) for the GSB (Table
4) and 60 analyses were performed at the NGU. The focus was on a limited selection of
elements including the REE and V, which are CRM, Y and Sr that are typically measured on
apatite, and Pb, Th and U that are pollutants for the processing of apatite. The main features
about these data are the following:
- the errors obtained are more important for the dataset obtained at the NGU (RSD: 13-35%)
than for the one gathered by the GSB (2 RSD: 6-21%). This is likely due to a more important
variability of the sample provided at the NGU;
- the highest errors are observed for U and Th (2 RSD: 18-21% for GSB data and 31-35% for
NGU data) and the lowest for Sr (2 RSD= 6% for the GSB data and 13% for the NGU data);
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- by comparison, the errors for the REE, Y and V and intermediate (2 RSD: 12-15% for GSB data
and 22-27% for NGU data);
- the chondrite-normalized REE patterns are similar for the analyses performed at the NGU and
by the GSB (Figure 3). The field corresponding to the GSB data is narrower. These differences
in terms of errors are also highlighted in the box plots presented in Figure 4. Despite the
discrepancies about the accuracy of the data between the GSB and NGU datasets, the average
and median values are commonly very close to each other (Figure 4 and Tables 4 and 5). This
means that the sample GC 2701 from Phalaborwa could constitute a suitable standard for insitu analyses of REE, Sr, Y and V on apatite. Of course, this study is the first step of a protocole
that should involve a large numbers of laboratories to test and validate the data.

Table 4. LA-ICPMS analyses (and related statistics) obtained on the potential apatite standard (apatite from
Phalaborwa GC 2701). Analyses done by the GSB at the University of Lorraine (France)
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Table 5. LA-ICPMS analyses (and related statistics) obtained on the potential apatite standard (apatite from
Phalaborwa GC 701). Analyses done by and at the NGU
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Figure 3. REE patterns
corresponding to the LA-ICPMS
data obtained at the SGB and
the NGU on the potential
apatite standard GC 2701
from
Phalaborwa.
Normalization
to
the
chondrites (McDonough and
Sun 1995)

Figure 4. Box plots showing
variation of selected REE (LAICPMS analyses) for apatite
analyzed via the GSB and at the
NGU: La content (a); Ce content
(b); Nd content (c); Eu content (d);
Dy content (e); Yb content (f)
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4. Conclusions and prospects
The studies carried out for this task “Development of a procedure to prepare and analyze
phosphate deposits to provide internally consistent geochemical data at a European level”
resulted in the production of rather homogeneous sets of data for a single type of analysis,
since these analyses were performed in a very limited number of laboratories. These data,
obtained on both sedimentary and igneous-related phosphate mineralizations, were provided
to WP8 (Annex 1 of the deliverable D4.2 and Annex 8 of the deliverable D4.3) to be integrated
into the GeoERA Information Platform.
The work done for this deliverable also emphasized the interest of using the standard BCR-032
for major element analyses of phosphate rocks.
The procedure proposed to harmonize data – considering the present state of knowledge and
the availability of standards – is:
- To limit the number of laboratories where the analyses are performed in order to
produce large and homogenized datasets
- To stick as much as possible to the list of elements defined for each type of analyses,
as described in section 2.1
- To use the standard BCR-032 for bulk rock analyses in order to get reliable data about
P and F, which are CRM
The persons involved in this study understand that this constitutes a modest first step to
ensure analytical homogeneity and comparability of the data of the phosphate rocks and there
is still much work ahead regarding the use of reliable standards. Unfortunately, the
infrastructure available for this WP was not sufficient to organize an extensive testing of the
potential standard proposed here (apatite from Phalaborwa CG 2701). In the future, welltested phosphate standards could be more efficiently prepared/obtained to ensure the
homogeneity of data. This also applies for bulk rock analyses, considering that the BCR-032
standard does not help for trace elements, which are yet crucial to obtain information about
CRM present as traces in phosphate mineralization.
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